A new simple design of a triple-band microstrip antenna using metamaterial concept is presented in this paper. Multi-unit cell 
Introduction
Microstrip patch antennas are the preferable type of antennas used for wireless communication systems, because of their attractive features such as light weight, low profile, low cost, easy fabrication, and compatibility with planar monolithic microwave integrated circuit (MMIC) components [1] . Various printed antenna topologies have been proposed by researchers for the purpose of enhancing their performance. One of these topologies can be achieved by changing the geometry of the patch itself or defecting the ground plane of the antenna as proposed in [2] , where an antenna for ultra-high frequency application is designed.
Multi-circular shape of the patch in [3] was used to provide an enhanced performance of multiband antennas. Also, authors in [4] proposed a dual-band antenna realized by two different single-slotted single-band rectangular microstrip antennas.
Because of their fascinating properties, metamaterials are recently used for many applications in the field of antenna design [5] . There are a lot of antennas that have been developed based on metamaterials such as the antennas based on engineered dispersion curves (k-β diagram) [6] , and the antennas based on the split-ring resonators (SRRs) and/or complementary split-ring resonators (CSRRs) [7] . Metamaterial antennas provide various techniques that can be used for improving antenna performance such as in [8] where TL-MTM technique is used to generate a multi band response. Metamaterial can also be used for enhancing the antenna parameters such as its bandwidth and gain. In [9] , the design of a dual band antenna with an enhanced bandwidth is presented. In [10] , metasurfaces are used to improve the gain of the antenna. In some applications, the main required feature for an antenna is its polarization and this parameter can also be controlled by using metamaterials in [11] .
In this paper, a compact triple-band microstrip antenna based on CSRRs with two different geometries loaded on the ground plane is proposed. A conventional patch antenna operating at 3.6 GHz, which is operating in the middle WiMAX band (3.2 GHz to 3.8 GHz), is loaded on a ground plane with a rectangular CSRR of suitable dimensions that enables the excitation of the lower WLAN band (2.4 GHz to 2.484 GHz). Also, two circular CSRRs of suitable dimensions are loaded on the ground plane in order to resonate at the upper WiMAX frequency bands (5.25 GHz to 5.85 GHz). Finite Element Method (FEM) based software, Ansoft HFSS 13, is used for the analysis of the proposed antenna and optimizing its geometrical parameters. The main advantage of this proposed design over different multiband antenna designs is its accurate determination of all resonance frequencies i.e. every specific reso-nance frequency is corresponding to a specific resonator. Also, its relatively high radiation characteristics at the different achieved frequencies which make our design good candidate for WLAN/WiMAX applications.
Antenna Design
In this paper, a metamaterial-inspired rectangular antenna is introduced. A microstrip patch antenna operating at 3.6 GHz is chosen as the reference design. The width and length of the patch antenna are 28 mm and 31 mm, respectively with a copper thickness of 35 μm. The patch radiator is printed on Rogers RT/duroid 5880 (tm) substrate ( r = .2, tan δ = 0.0009) with thickness of 1.575 mm as shown in Fig. 1 . A microstrip inset feed is presented to perfectly match the patch radiator to the microstrip feed line that is characterized by width and length equal to 4.9 mm and 25 mm, respectively. The feed line is inset to the patch with a value of Y 0 = 6.5 mm and the two sides of the feed with a cut of width W 0 = 5 mm.
The reference antenna has a reasonable gain of 4.8 dBi that will be affected by etching the ground plane with the unit cells. The return loss of the antenna is shown in Fig. 2 and it can be noticed that the antenna resonates at 3.56 GHz.
CSRRs, the complementary of the basic unit cells of metamaterials, are etched from the ground plane to reso- nate at 2.45 GHz and 5.3 GHz. The rectangular unit cell and the circular unit cell, shown in Fig. 3 and 4, are utilized to resonate at 2.45 GHz and 5.3 GHz, respectively. The bandwidth of the SRR can be increased by widening the width of the unit cell as usual [12] . Two different shapes of CSRRs are used to achieve a resonance at 5.3 GHz and 2.45 GHz because the operating bandwidth of lower WLAN (2.4 to 2.484 GHz) is narrower than the operating bandwidth of upper WiMAX (5.25 to 5.85 GHz). Hence, there is no need to utilize a circular CSRR for achieving resonance at the 2.45 GHz since it can provide a larger bandwidth than a rectangular CSRR as was mentioned in [13] . To test and extract the scattering parameters of this unit cell, the boundaries need to be adjusted as illustrated in Fig. 5 . Perfect magnetic conductor (PMC) boundary condition sets on the left and right faces of the waveguide, and perfect electric conductor (PEC) boundary condition sets on the top and bottom of the waveguide. The scattering parameters are calculated over a suitable frequency range in order to determine the resonance frequency and the effective parameters caused by that unit cell. The incident TEM wave propagates in the y-axis direction. The E-field of the incident wave is polarized along the z-axis, and the H-field is polarized along the x-axis. Figure 6 shows the Sparameter characteristics of the rectangular CSRR and it can be observed that the rectangular unit cell resonates at 2.45 GHz with a return loss equal to -25 dB with narrower bandwidth, which make it suitable for lower WLAN band. Figure 7 shows the negative permittivity characteristics of the rectangular CSRR which are extracted from the scattering parameters using the algorithm presented in [14] . In order to obtain a resonance at 5.3 GHz, a pair of circular CSRRs shown in Fig. 4 is etched from the ground plane. Figure 8 demonstrates the S-parameter characteristics of the circular CSRR and it is obvious that the return loss is less than -15 dB at 5.3 GHz with a reasonable bandwidth for further operation in the upper WiMAX band. The negative permittivity characteristics of the circular CSRR that have been extracted following the same procedure used for the rectangular unit cell are shown in Fig. 9 . The permittivity of CSRR unit cells are negative at the desired frequencies as expected, and that is the main feature of the metasurfaces [15] . All the optimal dimensions of the antenna and the unit cells are listed in Tab. 1.
Simulation Results and Discussion
The resonant frequency of the patch antenna without any CSRRs is 3.6 GHz. Embedding a rectangular unit cell of CSRR in the ground creates a second resonance at 2.45 GHz. Etching two circular unit cells generates the third resonance which is 5.3 GHz. The configuration of the proposed triple band antenna is demonstrated in Fig. 10 . It was expected to obtain the three resonant frequencies, each one corresponding to its generating element but the overall design response suffers from frequency shift and this discrepancy attributed to the mutual coupling between the unit cells was previously noticed in [16] . As a result of coupling effect, the resonance of the circular unit cell (5.3 GHz) has been shifted to 5.6 GHz and the resonance frequency of the patch (3.6 GHz) is shifted to 3.5 GHz as shown in Fig. 11. 
Parametric Study
The parametric study in this section shows how the position of the rectangular and circular unit cells (without changing their dimensions) will affect the resonance frequencies at 2.45 and 5.6 GHz in order to determine the definite position of the cells for proper operation.
The First Resonance Corresponding to the Circular Unit Cell (Upper Resonance 5.6 GHz)
For some locations of the CSRRs in the ground plane as shown in Fig. 12 , radiation efficiencies up to 96% can be achieved for both resonances. The simulated antenna in the parametric study has the same dimensions as the fabricated one, excluding the placement of the circular CSRR inside the ground, which varies from cx = -13 mm to -17 mm along x-axis direction. It should be noted that the reference point of all unit cells is x = 0, y = 0, which is the point where the patch is centered. For y direction, the best position of the circular unit cell is chosen after the parametric study which was carried out from cy = 8.5 mm to 10.5 mm in the y-axis direction. Gaps of the unit cell are oriented in y-direction as this orientation matches its operating resonance frequency under the upper right corner of the patch. Another parametric study of dy, the distance between the centers of the two unit cells, is carried out. For simple clarification of the second circular unit cell's position, the reference point of dy is chosen to be the center point of the first unit cell. The design of the patch with single circular unit cell can only achieve 3.7 dBi peak realized gain with 79% radiation efficiency, so the second circular unit cell is used in order to increase the gain and the bandwidth at 5.6 GHz. Table 2 shows the best position of circular unit cells of this parametric study. The structure of the antenna containing two circular unit cells in the ground plane is fabricated to evaluate its effectiveness.
The fabricated prototype of the dual band antenna is shown in Fig. 13 . A comparison between simulated and measured results is demonstrated in Fig. 14 . The impedance characteristics of the proposed dual band antenna have been tested using R&S ZVB 20 vector network analyzer (VNA). It can be observed from Fig. 14 that the antenna resonates at the two pre-specified frequencies but due to low fabrication accuracy, a loss of about 13 dB is presented at 3.6 GHz. Also, the resonance created by the circular unit cells at 5.6 GHz has a little shift but with very low return loss. 
The Second Resonance Corresponding to the Rectangular Unit Cell (Lower Resonance 2.45 GHz)
After choosing the best position of the unit cells of the first resonance (5.6 GHz), the next step is to optimize these cells with the new rectangular unit cell that will be etched from the ground plane to generate the second resonance (2.45 GHz) in order to finally achieve the triple band behavior. The position of the rectangular unit cell was a field distribution-based selection. Regions with highly concentered electric field when the patch is excited at 2.45 GHz, need to be clarified for the purpose of finding the best regions on the ground plane for etching the new rectangular unit cell. Figure 15 shows the electric field distribution over the ground plane of the dual band model at 2.45 GHz.
The orientation of the unit cell (gaps are made in x-direction) was the suitable choice, as the unit cell with this orientation matches its operating resonance frequency. The unit cell is approximately positioned underneath the lower left corner of the patch where the field is intensively confined. that the best position of the rectangular unit cell in x-direction is xx = 18 mm.
Fabrication and Measurements
The fabricated scheme, depicted in Fig. 17 , gives satisfying results that match the simulated results. The simulated and measured return losses of the proposed triple band antenna are illustrated in Fig. 18 . It can be observed from Fig. 18 that the fabricated prototype resonates at 2.45, 3.56, 5.62 GHz, respectively. Reasonable values of gain and radiation efficiency are achieved for each frequency but a little discrepancy occurs for the measured radiation efficiency at 2.45 GHz, due to the small distance between the SMA connector and the rectangular unit cell, which directly affects the gain at 2.45 GHz.
A comparison between simulated and measured radiation patterns is shown in Fig. 19 for the proposed triple band antenna. As investigated in Fig. 19 , the simulated and measured E and H planes of radiation pattern of the proposed antenna at the three frequencies are mostly omnidirectional patterns with some ripples because the electrical size of the ground plane is reduced as a result of etching the three unit cells on it, resulting in partial absence of the reflector. Moreover, it can be observed from the radiation pattern of the two planes at 5.62 GHz that the maximum radiation not in the broadside and this is due to the coupling effect between the two circular CSRRs. Also, the non-symmetric position of the two circular CSRRs on the ground plane may be a reason for that inclination of the beam. A good agreement between simulated and measured radiation patterns can be observed in the two planes.
The gain and radiation efficiency were measured using comparison method which required measuring the response of the standard antenna with a known gain (reference antenna). NSI-RF-RGP-10 probe with known parameters covering a range of frequencies 0.75-10 GHz is used for measuring the response of the standard antenna to get cable losses effect and the free space loss. Then the proposed antenna response was measured and compared with the standard antenna to get rid of the losses and to compute the gain and radiation efficiency.
Fabrication tolerance, welding problems, and the SMA connector that almost touches the rectangular unit cell, were the main reasons of return loss and gain little discrepancies especially at 2.45 GHz. In order to evaluate the validity of the proposed triple band antenna, Table 3 presents a comparison between the proposed antenna and other designs in terms of measured values of resonance frequency, peak gain, and radiation efficiency. It can be demonstrated from this comparison that the proposed an- tenna has higher gain when compared to the other antennas, even though it has lower efficiency due to fabrication tolerance as stated before.
Conclusion
A new design of triple band microstrip antenna printed on Rogers RT/duroid 5880 substrate was designed after studying the effect of etching metamaterial unit cells in the ground plane. Using two different types of meta-unit cells in the same design to generate multi-resonance response, was the main idea behind this work. Double circular CSRRs are loaded to the ground plane of microstrip antenna which operates at the middle Wi-MAX range (3.56 GHz) with 5.1 dBi gain, lead to add a new resonance for WLAN at 5.6 GHz with 5.41 dBi gain. The lower resonance of Wi-MAX at 2.45 GHz with 1.03 dBi gain is added by loading a rectangular CSRR in the ground plane. Intensive EM simulations using 3D FEM-based EM simulator to optimize the positioning of the unit cells for coupling effect reduction between incorporated metamaterial cells were introduced. An acceptable consistency between the fabricated and simulated results has been achieved which makes the proposed antenna suitable for WLAN/ WiMAX applications.
